Introduction
It is known that many skin diseases are linked to either insufficient or overactive vasculature [1] . 
BIOPHOTONICS
Vasculature response is a hallmark for most inflammatory skin disorders. Tape stripping on human skin causes a minor inflammation which leads to changes in microvasculature. In this study, optical microangiography (OMAG), noninvasive volumetric microvasculature in vivo imaging method, has been used to track the vascular responses after tape stripping. Vessel density has been quantified and used to correlate with the degree of skin irritation. The proved capability of OMAG technique in visualizing the microvasculature network under inflamed skin condition can play an important role in clinical trials of treatment and diagnosis of inflammatory skin disorders.
remodeling in microvasculature include psoriasis [2] , rosacea [3] , atopic dermatitis [4] , UV damage [5] , bullous pemphigoid [6] , and systemic sclerosis [7] . Other than skin inflammatory disorders, some systemic diseases, such as inflammatory bowel disease [8] , rheumatoid arthritis [9] , atherosclerosis [10] and asthma [11] , have also shown to be associated with peripheral microvascular modifications. Due to the easy accessibility of skin, the cutaneous microvasculature can provide a unique opportunity for the measurement of microcirculation status. Therefore, skin microvascular function can be considered as a prognostic marker when evaluating certain diseases and treatment effects.
Topical drug delivery has become an increasingly common strategy for local therapy and to reduce systemic adverse effects in the treatment of skin diseases. However, the barrier function of stratum corneum (SC) results in poor penetration of drugs into the skin, which often limits the efficacy of topical formulations. Topical therapeutics through skin is limited in efficiency, usually only 50% of the therapeutics can reach to the target site [12] . In order to deliver the therapeutic drug concentrations into the viable epidermal layer, improved drug permeation across SC is required. Tape stripping is a commonly used method to increase the penetration depth of drug delivery [13] . It has also been used to investigate the SC physiology as well as the kinetics and penetration depth of topical drugs [14] [15] [16] [17] . During the tape stripping process, the skin is usually applied with appropriate adhesive tapes, and the SC is sequentially removed by a serial number of stripping procedures [18] . This is considered as a minimally invasive technique and is the basis of the FDA's socalled dermatopharmacokinetic (DPK) approach to the assessment of topical bioavailability and bioequivanlence [19] .
On the other hand, tape stripping induces mechanical disruptions of the epidermal barrier that lead to skin inflammation [20, 21] . Similar to many other inflammatory skin disorders, microvascular remodeling is usually involved [22] . Surprisingly, despite the popularity of tape stripping in dermatological research and practices, as well as its potential of causing skin inflammation, little work has been done on revealing the microvasculature changes and/or to correlate the degree of the vascular reactions with the degree of damage produced. To our knowledge, there is only one prior study that has recorded the skin capillary changes after tape stripping procedure, and the authors have concluded that there is not always a correlation between the macroscopic appearance of the stimulated area and the microscopic anatomic vascular changes [21] . However, this study was performed using capillaroscopy, which can only image the very shallow capillaries and may not be able to provide a complete microvascular network.
Therefore, there is a need to visualize the detailed and complete microvasculature changes after tape stripping process.
A variety of non-invasive techniques have been developed to explore skin microcirculation. Capillaroscopy, which is essentially a method of looking at the skin capillaries under a microscope, has been used to directly visualize the skin surface of nailfold area [23, 24] . However, being a traditional light microscopy, capillaroscopy has limited light penetration, especially for dark skin subjects. Therefore, capillaroscopy is restricted to image thin skin area such as nail-fold, and it is difficult to visualize the complete microvascular network. Other techniques such as orthogonal polarization spectral imaging (OPSI), which uses polarized light at l ¼ 550 nm and collects the reflected light orthogonal to the emitted light, can be used to image small blood vessels of nail bed or lip [25] . To date, it has been used in applications such as assessment of the sublingual microcirculation in critical care patients as a strong predictor of outcome in severe sepsis [26] . However, OPSI does not allow easy studies on blood perfusion or microvascular dysfunction. Laser Doppler imaging (LDI) and laser Doppler flowmetry (LDF) are more recently developed imaging techniques, which utilize the Doppler effect and provide a direct measure of microcirculatory flow [27, 28] . Laser Doppler based techniques have been previously used to evaluate burns [29] , dermal inflammation [30] , wound healing [31] , and cutaneous ulceration [32] . Although they can provide large-scale relative changes in skin blood perfusion, they have limited image resolution to resolve some of the small capillaries and cannot provide absolute velocity of blood flow [27] .
Optical coherence tomography (OCT), an interferometric method, is another non-invasive imaging technique capable of producing large-scale (millimeters) cross-sectional morphological views of tissue microstructures in vivo with a micron-level imaging resolution [33, 34] . OCT detects the scattered photons and the imaging contrast is originated from the variance of refractive index within heterogeneous tissue [35, 36] . Due to the relatively high resolution, deep imaging depth (1-3 mm), and the real-time image acquisition, OCT has gained more and more attention in the field of dermatology. So far, OCT has been successfully used to study nonmelanoma basal cell carcinoma [37] , actinic keratosis [38] , inflammatory diseases [39, 40] , to quantify skin changes and monitor therapeutic effects [41, 42] . Although of great value, traditional OCT technique is difficult, if not impossible, to provide blood vessel imaging, therefore, limiting it from studying blood perfusion status. Fortunately, by analyzing both the intensity and the phase information embedded in the OCT spectral interferograms, a new technique named optical microangiography (OMAG), has been developed to provide volumetric vasculature image and 3D blood perfusion map in microcirculatory tissue beds in vivo [43] . To improve the sensitivity to image capillaries, ulatrahigh-sensitive OMAG (UHS-OMAG) has been recently proposed [44] . It is a variation of OMAG technique, which allows for imaging the complete microvasculature network down to capillary level by differentiating signals scattered off static tissues from signals scattered off dynamic components such as moving red blood cells (RBC) within patent vessels. During the last few years, OMAG technique has been intensively used to study microvasculature of a variety of biological tissues in vivo. For example, UHS-OMAG has been used to study the mouse cerebral microvasculature and its responses to systemic hypoxia, normoxia and hyperoxia [45] , where OMAG is demonstrated to have capability to visualize the acute hypoxia and hyperoxia on microhemodynamic activities, including the passive and active modulation of microvascular density and flux regulation in vivo. UHS-OMAG has also been used to provide depth-resolved retinal microvasculature images within human retina, promising a non-invasive tool for the diagnosis of eye diseases with significant vascular involvement, such as diabetic retinopathy and age-related macular degeneration [46] . For skin applications, Doppler-OMAG (DOMAG) [47] , which uses Doppler principle has been combined with UHS-OMAG to image capillary morphology in human finger cuticle [48] and to study skin wound healing process in mouse pinna in vivo [49] . UHS-OMAG system has also been used to investigate the vascular abnormalities in psoriasis [50] , where the microcirculation within the normal skin sites can be differentiated from that in the psoriatic skin sites.
Based on these previous results, we believe that OMAG technique is advantageous for visualizing functional microvasculature within skin tissue beds. In this paper, we propose to apply tape stripping on in vivo human skin to produce a simple but representative skin inflammation condition and utilize OMAG to track the microvascular changes after this procedure. Our aim is to explore the feasibility of OMAG to detect changes in microvasculature under skin irritation and to introduce microvasculaturebased biomarkers in evaluating the severity of skin inflammation. We believe that the acquired highquality, detailed microvascular images of the skin will help understanding the microvasculature responses to tape stripping. In addition, the capability of visualizing the complete microvasculature network under inflamed skin condition may significantly broaden the potential applications of OMAG in skin disease evaluations and in other fields of biomedical research.
System and methods

OMAG system setup
All the measurements of this study were performed using a fiber-based spectral-domain OCT system developed in house. The detailed information of this system has been previously described in reference [51] . Briefly, the system employed an extended broadband superluminescent diode (Thorlabs Inc.) as the light source, which has the central wavelength of 1340 nm and bandwidth of 110 nm. The axial resolution of the system was measured to be $7 mm in the air. To focus the light onto the sample, a 10X microscope objective lens with a focal length of 18 mm was used to achieve a lateral resolution of $7 mm. The output signals from the interferometer was directed to a home-made spectrometer system, which provides spectral resolution of $0.141 nm with a detectable depth range of $3 mm on each side of the zero delay line. The InGaAs linescan camera (Goodrich Inc.) used in the system had an acquisition rate of 92 kHz. With a 3.5 mW illumination power exposed at the sample surface, the developed system was measured to have a dynamic range of 105 dB. To visualize the volumetric microvasculature, a unique UHS-OMAG scanning protocol was applied [52] . Each B-frame consists of 400 A-lines covering a distance of $3.0 mm. The imaging rate was 180 fps. In the slow axis (C-scan), a total number of 2000 B-frames with 5 repetitions in each location were performed also covering a distance of $2.8 mm. ED-based clutter filtering algorithm [53] was implemented in MA-TLAB ¾ to suppress the effect of tissue motion and extract microvasculature. For Doppler OMAG measurement to quantify the velocity of blood flow, 200 B-scans and 5000 A-lines covering 1.5 mm Â 1.5 mm range were performed. The imaging speed was set at 1.5 fps, which is optimized for imaging blood flow for the finger skin. Details of this imaging protocol can be found in [45, 54] . During each measurement, the volunteer was sitting on a chair with his elbow supported and his finger was gently fixed in a homemade finger holder. For the DOMAG experiments, the stage was tilted 20 with respect to the optical table in order to have a detectable axial component of the RBC velocity. Images are obtained by Doppler processing of complex signals among A-lines. Phase variance mask is used to separate Doppler flow signals from noisy phase background [54] .
Tape stripping procedure
A customized hand holder, which was used to support the volunteer's hand and to reduce the involun-tary body movement, was designed and employed. Dorsal skin of the second finger from the right hand of a 26-year-old male volunteer was measured. In order to remove the surface reflection, a thin layer of mineral oil was applied the skin surface with a glass coverslip covered on the top. For each stripping procedure, the tape was applied on the finger skin for 5 s and was removed rapidly. This procedure was repeated for 15 times. Since the experiment conditions (movement from the volunteer, the amount of oil, etc.) are difficult to keep stable, data acquired after 15 min is discarded. UHS-OMAG images were acquired at every 40 s for the first 10 min after the tape stripping procedure, and then continued to acquire data at every 2.5 min till 15 min after the stripping procedure. For Doppler OMAG measurement, images were acquired at every 5 min till 15 min after the procedure.
Results and discussion
With the superior lateral and axial resolutions of the system, microvascular network even at capillary level can be visualized. In order to determine the degree of stimulation and its recovery characteristics, UHS-OMAG imaging was used to monitor the microvasculature changes after applying tape stripping procedure. Figure 1 compares the microvasculature responses at different time points after applying tape stripping. Figure 1(a) shows a representative UHS-OMAG image acquired from the finger skin before tape stripping. The reserve blood vessels were not activated with most area shown as black in the OMAG image. At 1 min after the procedure, the reserve blood vessels were strongly activated with numerous newly recruited capillaries as shown in Figure 1(b) . This activation effect lasted for $2-3 min and started to decrease $5 min after stripping. At 15 min after the procedure, the blood flow seemed to get close to its normal physiology status.
The degree of stimulation should decrease with time after applying tape stripping. To investigate whether the imaging device has the capability to differentiate degrees of stimulation which potentially implies the degree of inflammation, we monitored the vessel density changes over time. To calculate the vessel density for each image, segmentation algorithm is applied. Briefly in this method, images are binarized with an adaptive threshold technique specifically tailored for quantifying OMAG results [55] , and vessel density is calculated by dividing the number of ones with the total pixel number. Figure 2 shows the changes in vessel density after the tape stripping procedure was performed 15 times on the finger skin of a 26-year-old male volunteer using an electrical tape. Stars are measured data points while the curve shows the polynomial fitting result. We can see that the vessel density decreases rapidly from $0.17 to $0.10 within the first 8 min. And then the skin gradually stabilizes and the vessel density reaches $0.09 at 15 min after the procedure.
To better quantify the changes in blood flow velocity after applying tape stripping, Doppler OMAG images were acquired. Figure 3 shows the compari- son of blood flow at 1 min, 5 min and 13 min after the procedure. The velocity range is AE0.3 mm/s. As shown in Figure 3 (a) and (b), compared to 1 min after the procedure, the vessels became less dense with a decrease in both the diameter and the velocity at 5 min after tape stripping. At 13 min after the procedure (Figure 3(c) ), the vessels appeared to be similar compared to at 5 min, indicating that the blood vessel response has been stabilized and the skin has gone almost back to normal physiological state. Moreover, in order to quantify the overall blood flow changes in the measured skin area, total blood flow in the corresponding area was calculated for each time point using the method described in [56] . Results indicated that total blood flow was $0.023 mm 3 /s at 1 min after the tape stripping and it dropped to $0.017 mm 3 /s and $0.014 mm 3 /s at 5 min and 13 min after the tape stripping, respectively.
To identify the location of the blood vessels and to better correlate the vessel response with the vessel location, UHS-OMAG images were merged with structural OCT images for both before and after tape stripping. Figure 4 (a) and (b) are UHS-OMAG images taken at 15 min and 1 min after tape stripping. The corresponding OCT structural images taken at the cross section labeled in yellow dash lines in (a) and (b) are shown in Figure 4 (c) and (d). Figure 4(e) shows the merged image taken at 15 min after tape stripping, where we can see that the main flows come from the blood vessels located at the dermis of the skin. However, at 1 min after the stripping procedure where the skin is still under irritation status, significantly increased blood flow of vessels located at the dermal epidermal junction (DEJ) and papillary dermis layers was observed as shown in Figure 4 (f).
Progression of various connective tissue diseases, diabetes, and RP are reflected in morphological and functional changes in microvasculature. The ability of visualizing structural alterations of capillaries with RBC velocity mapping within a human finger cuticle might be a critical aid in the treatment or diagnosis of these diseases. The presented imaging modality enables imaging large number of capillaries in one 3D scan which is crucial to decrease subjectivity and to locate the same set of capillaries of patients at each visit. The velocity range is easily adjustable by slightly changing the frame rate [54] for various clinical studies. Moreover, independent of patient's skin characteristics, the cutaneous microcirculation in human finger nail-fold area with different depths can also be investigated which is not possible with alternative methods. We believe there are certain reserve blood vessels existed in the tissue, which are usually not functional but can be activated to supply the needs of affected tissue when stimulation happens. Vascular reserve originates from the description of coronary autoregulation by Mosher in 1964, and the control of coronary blood flow by an autoregulatory mechanism is explained in [57] . The authors claimed that blood vessel reserves exist in healthy subjects, and they identified that coronary blood flow at rest depends on the determinants of myocardial oxygen demand. Previous literature also suggests that the main functions of skin microcirculation are also guaranteed by its functional reserve [58] . Therefore, we believe that the procedure of tape stripping may activate these reserve blood vessels. In order to compare the vessel response within the same area, image registration was performed for images acquired at different time points. The post-registered images shown in Figure 2 represent blood vessels from exactly the same area on the volunteer's finger skin.
From the results, we can see that the overall activated reserve blood vessels decreased with time. In addition, the decrease in blood vessel density was not uniform within the imaging area. For example, the area labeled by a yellow circle in Figure 1 the rest area. This could be due to the non-uniform vessel stimulation caused by tape stripping.
The image registration steps performed in the post-processing is crucial to have a reliable quantitative comparison between the images of the same area in different time points. We also tried our best to keep all the crucial parameters, such as the focus of the probe beam and positioning and orientation of the target to be the same throughout the entire measurement period. Since it is not possible to keep the measurement area and all the above-mentioned parameters to be the same, it is not practical to obtain the basal vessel density before the stripping procedure is applied. Therefore, the imaging area in Figure 1(b) -(d) may not be exactly the same area compared to baseline (Figure 1(a) ). Moreover, due to increased discomfort in time significant body movement from the volunteer starts to occur after 15-20 min. Therefore, our monitoring period has been limited to $15-20 min after tape stripping. After applying the stripping procedure, it takes $1 min to apply oil, put coverslip on, and adjust the focus. Therefore, the first data point that we managed to acquire is 1 min after the tape stripping. From the curves shown in Figure 2 , the skin stabilizes at around 15 min after applying 15 times tape stripping, and the vessel density well characterizes the degree of irritation. Other parameters, such as vessel diameter, may also be used to evaluate the degree of stimulation, which may correspond to the degree of inflammation. Moreover, with the newer development of ultrafast swept source OCT system, the imaging time will be significantly reduced, which may promote OCT system to be applied clinically.
From Figure 3 , because of the same limitations mentioned above, it was not practical to acquire a comparable baseline Doppler OMAG image before the tape stripping. Based on the results shown in Figure 1-3 , we believe that the skin should have already settled down and gone back to its normal physiological condition at 15 min after tape stripping. Therefore, Figure 4 (a), (c) and (e) can be considered as baseline images representing normal skin condition. We can see that the blood flow at finger skin was not very active as shown in Figure 4 (a) and (e). However, a dramatic increase in the number of functional capillaries and vessels was observed at 1 min after the procedure as shown in Figure 4 (b) and (f). This is because at 1 min after the procedure, the skin is still under irritation, where blood vessel responses are still active.
Our results in general show that OMAG imaging technique is capable of monitoring microcirculation responses for skin under inflamed condition. OMAG can also be used to monitor changes in the degree of inflammation. Inflammatory skin conditions such as psoriasis and rosacea are considered to be associated with microvascular modifications [2, 3] . Therefore, OMAG has great potential to be applied to investigate for these skin orders. Moreover, tape stripping procedure is heavily involved in drug delivery research because the removal of stratum corneum allows better penetration of the drugs. From our result, there are clear vessel responses associated with tape stripping procedure which may cause different penetration efficiencies when delivering the drug at different time points. Therefore, OMAG may be used to help determine the optimal time point for drug delivery after tape stripping and eventually achieve the best efficacy. In the future, we plan to study inflammatory diseases covering different degrees of inflammation using OMAG to further confirm the capability of our technique in studying inflammatory skin disorders and its related diseases. More quantification parameters/indices will also be derived to better correlate the inflammation/irritation status.
Conclusion
In summary, tape stripping is a common procedure used both in clinic and in research. Characterization of the detailed effects especially on the microcirculation changes after tape stripping will help us determine the degree of inflammation caused by the procedure. Our results have shown that OMAG is able to detect microvasculature changes followed by tape stripping, therefore, indicated that the OMAG technique may potentially be used to detect and differentiate between normal and irritated skin. Moreover, the presented results have improved the understanding on the microcirculation dynamics before and after tape stripping. In general, appropriate tape stripping causes only minimal inflammation to human skin. It should be considered as a relatively safe method to study drug delivery and related topics.
